Highly purified soybean lectin (SBL) was labeled with fluorescein isothiocyanate (FITC-SBL) or tritium (3H-SBL) and repurified by affinity chromatography. FITC-SBL was found to bind to living ceUls of 15 of the 22 Rhizobium japonicum strains tested. The lectin did not bind to cells of the other seven R. japonicum strains, or to cells of any of the nine Rhizobium strains tested which do not nodulate soybean. The binding of the lectin to the SBL-positive strains of R. japonicum was shown to be specific and reversible by hapten inhibition with Dgalactose or N-acetyl-D-galactosamine.
Quantitative binding studies with 3H-SBL indicated that the affinity constant for binding of SBL to its receptor sites on R. japonicum is approximately 4 x 107 M-1. Many of the binding curves were biphasic. An inhibitor of SBL binding was found to be present in R. japonicum culture filtrates.
Intimate and specific symbiotic associations between leguminous plants and bacteria of the genus Rhizobium provide most of the biologically fixed nitrogen available for agriculture. The rhizobia enter root hairs of the host plant in a structure called the infection thread (4) . The infection thread, which is believed to be a tubular, inward growing invagination of the host cell wall, carries the bacterial symbiont into the cortex of the root (11) . There the bacteria enter the cytoplasm of host cell, surrounded by an envelope of host cell plasma membrane (12) .
Both the bacteria and cortical cells of the host proliferate to form a root nodule where nitrogen fixation takes place.
The specificity of the Rhizobium-legume symbiosis is manifested by the failure of soil microorganisms other than rhizobia to gain effective entry into the plant by induction of infection thread structures, and also by host range specificity between members of the genus Rhizobium and the family Leguminosae. Rhizobia that infect and nodulate soybean, for example, cannot nodulate garden bean or white clover and vice versa. range specificity is the operational basis of species differentiation and cross-inoculation grouping within the genus Rhizobium. Conversely, and perhaps more accurately, such specificity may be viewed as the ability of a particular type of legume to recognize only certain types of rhizobia as potential symbionts.
Several investigators have recently examined the possibility that the lectins of host legumes may serve as determinants of host range specificity through binding of the lectins to characteristic carbohydrate structures on the cell surfaces of symbiotic rhizobia. In a pioneering work, Bohlool and Schmidt (2) tested the ability of FITC3-labeled soybean seed lectin to bind to 25 strains of Rhizobium japonicum, the symbiotic species for soybean, and to 23 other strains representative of several Rhizobium species which do not nodulate soybean. They reported that the SBL bound to 22 to the 25 strains of the soybean symbiont, R. japonicum, and that the lectin did not bind to any of the 23 nonsymbiotic strains.
Dazzo and Hubbell (6) , in a study of the symbiotic association between Rhizobium trifolii and white clover, have found that clover roots and R. trifolii possess a common antigen. This common antigen was shown to be present on the cell surfaces of infective strains of R. trifolii, but absent, inaccessible, or present in reduced quantities on noninfective strains. These authors isolated capsular polysaccharide material from infective R. trifolii which possessed cross-reactive antigenicity. They also provided evidence for the presence of a lectin in clover seed extracts capable of binding to isolated capsular antigen and to infective-but not the noninfective-strains of rhizobia. These results led Dazzo and Hubbell (6) to propose that the clover lectin provides a bridge between common antigen structures for the preferential adsorption of infective strains of R. trifolii to the root surface of the host.
Wolpert and Albersheim (20) 20 ,000g, 4 C). The cells were routinely washed twice with 30 ml PBS, three times with 30 ml PBS containing 50 mm galactose, then twice again with 30 ml PBS. After careful resuspension in a small volume of PBS (3-5 ml) the bacteria were counted and diluted with cold PBS to give a suspension containing 2 x 109 cells/ml. Solid N-acetyl-D-galactosamine was added to half of the bacterial suspension to give a concentration of 10 mM.
Stock solutions of radiolabeled soybean lectin (3H-SBL) were prepared by diluting unaggregated (9) 3H-SBL with unlabeled SBL to give solutions (in PBS) which contained between 250 and 1,000 ,ug SBL/ml and 50,000 to 65,000 net cpm/ml. These stock solutions were stored frozen at -10 C.
Aliquots (Table I) .
Fifteen of the 22 R. japonicum strains which were tested showed binding of FITC-SBL. The remaining strains of R. japonicum, and the several strains representative of species which do not nodulate soybean, did not show detectable levels of FITC-SBL binding. Strain 311b 123, designated at (±) in Table I (9) or 1251 (J. Paxton and K. Keegstra, personal communications) and repurified by affinity chromatography.
A time course of the binding of 3H-SBL to cells from 84-hrold, slant-initiated cutures of R. japonicum strain 311b 138 is shown in Figure 1 . Comparison of the samples with the hapten controls and the no bacteria controls indicated that 2 to 4% of the added 3H-SBL bound nonspecifically to the polycarbonate assay tubes, and that 96 to 98% of the total 3H-SBL which bound to the bacteria could be prevented from binding by the sugar hapten.
Changes in Lectin Binding with Culture Age. Attempts to obtain quantitative measures of the number of lectin molecules bound/bacterial cell and to determine the affinity constant for lectin binding to the bacteria were initially unsatisfactory because the results varied considerably from one set of cultures to the next. Since the variability did not seem to be due to contamination of the cultures, we investigated the possibility that the lectin-binding properties of the bacteria were changing rapidly with culture age.
Stationary phase cultures (9-day) of R. japonicum strain 311b 138 were transferred to fresh medium and grown as described under "Materials and Methods." After harvesting and washing the cells as described for the 3H-SBL-binding assay, the cell suspensions were diluted appropriately and counted. The percentage of cells in the population which bound FITC-SBL and the average number of 3H-SBL molecules bound/cell were measured. Saturating or near saturating concentrations of the lectin (300-500 gg/ml) and appropriate hapten controls were used for these determinations. tyl-D-galactosamine) and "no bacteria" controls were assayed detected in cultures of these strains, regardless of culture age or rrently. Figure 1 shows the average number of SBL molecules growth phase. Cultures of these strains grown on a modified I/cell. The concentration of SBL used in the experiment was not yeast-mannitol (19) or a glutamate (14) medium were likewise ting.
FITC-SBL-negative at all culture ages tested. The other binding curves cannot be readily interpreted because they appear to be biphasic. Curves B and C show the binding of SBL to midlog phase cultures of strain 3Ilb 138. Curve B was obtained with cells from the 4-day-old cultures used for the experiment shown in Figure 2 . A virtually identical curve, displaced somewhat toward the abscissa, was obtained with the cells from this same experiment harvested after 36 hr. The cells used in the experiment giving curve C were from cultures initiated from 1-week-old agar stock slants and harvested after 4 days. Very similar binding curves have been obtained from midlog phase, slant-initiated cultures of strains 311b 110 and 311b 143. Curve D is representative of binding curves obtained from late log phase (6-day), slant-initiated cultures of both strain 311b 138 and strain 311b 110 (shown).
No experimentally verified explanation for the biphasic character of the majority of these binding curves can be offered. It seems unlikely that negative cooperativity of SBL binding can be the correct explanation since monophasic curves (such as curve A) have been obtained. R. japonicum strain 311b 138, which was used for most of the binding experiments, was reisolated from single cell colonies of the original stock. Similar biphasic binding curves have been obtained repeatedly with serial subcultures of strain 311b 138 and with cultures of two other R. japonicum strains (311b 110 and 143). These considerations make it unlikely that contaminating microorganisms are the cause of the biphasic binding curves. The existence of two classes or types of SBL-binding sites on the bacterial cells could also account for the biphasic binding, and is perhaps the most likely explanation.
Inhibition of 3H-SBL Binding by Culture Filtrates. The complete and rather rapid loss of lectin-binding sites from R. japonicum cells as the cultures enter stationary phase suggested that the receptors might be liberated into the medium in a more or less intact form. In order to investigate this possibility, culture filtrates from stationary phase cultures of strain 3Ilb 138 were prepared. When a small volume of culture filtrate was preincubated briefly with FITC-SBL, and the mixture added to washed cells of a midlog phase culture of this strain, the binding of FITC-SBL to the bacteria was clearly diminished relative to the control without culture filtrate.
The ability of stationary phase culture filtrates of strain 3Ilb 138 to inhibit the binding of radiolabeled SBL to the Sepharose-N-caproylgalactosamine affinity beads used for lectin purification was also examined. The results (Table II) show that stationary phase culture filtrates of this R. japonicum strain do contain an effective inhibitor of lectin binding, and that the inhibition of binding is roughly proportional to the concentration of culture filtrate in the assay mixture. Similar results have been obtained in inhibition assays using frozen, midlog phase R. japonicum 3Ilb 138 cells rather than the affinity beads. Relatively little is known as yet about the nature and stability of this inhibitor. The culture filtrates do retain inhibitory activity at least 8 weeks after dialysis and freezing.
FURTHER DISCUSSIONS AND CONCLUSIONS The data in Table I It is evident that the regulation of the appearance and disappearance of lectin-binding sites on these bacteria is a many faceted and little understood phenomenon. While earlier investigators have largely ignored such regulation as a possible source of variation in the lectin-binding properties of rhizobial strains, such regulation must now be regarded as an important experimental consideration. In this regard, we are currently attempting to develop a suitable methodology for studying the lectin-binding properties of R. japonicum growing in the rhizosphererhizoplane environment of soybean plants. This approach could be useful in studying the role of the host plant in regulating the appearance of specific lectin-binding sites on the rhizobia, and offers the further advantage that both the lectin-binding properties and infectivity of the rhizobia can be examined concurrently and in vivo.
There appears to be no consensus regarding the biochemical nature and location of the lectin-binding sites on rhizobia. Wolpert and Albersheim (20) have suggested that legume lectins bind to the lipopolysaccharides of symbiotic rhizobia, and have presented some evidence for specific lipopolysaccharide-lectin interactions. Dazzo and Hubbell (6) on the other hand reported that the lectin from white clover appears to bind to capsular polysaccharide of the clover symbiont R. trifolii. Planque and Kinje (13) have found that the lectin from pea binds to a polysaccharide species from the pea symbiont, R. leguminosarum, which is neither the lipopolysaccharide nor the exopolysaccharide. These results are not necessarily in conflict. Different rhizobia may have different-or multiple-receptor structures. The biphasic SBL-binding curves seen in Figure 3 (Table I) .
The results presented here and in the previous literature are clearly inadequate either to prove or disprove the validity of the hypothesis that lectins are important determinants of host range specificity in legume-rhizobia interactions. However, the demonstration that SBL binds specifically, with high affinity and in substantial amounts to many strains of the soybean symbiont, R. japonicum, helps to make the hypothesis more attractive. The existence of lectin-negative strains of the rhizobial symbiont seems less of an obstacle to acceptance of the hypothesis not that it has been shown that the lectin-binding sites on R.
japonicum can appear or disappear depending on the growth condition of the organisms. We are thus encouraged to believe that further, intensive investigations of the lectin recognition hypothesis are justified. At the same time, we feel certain that the interactions which determine host range specificity are far more complex than anyone has imagined.
